The present study aimed to investigate the relationship between placental pathological findings and physiological development during the neonate and infantile periods. Study participants were 258 infants from singleton pregnancies enrolled in the Hamamatsu Birth Cohort for Mothers and Children (HBC Study) whose placentas were stored in our pathological division. They were followed up from birth to 18 months of age. Physiological development (body weight and the ponderal index [PI]) was assessed at 0, 1, 4, 6,
Introduction
The placenta is the largest fetal organ that links the mother to the fetus and supports most parts of organogenesis through the transport of nutrients, gases, and hormone synthesis [1, 2] . The placenta adapts to the maternal environment by changing its structure as well as function, thereby contributing to the maintenance of fetal development throughout the pregnant period. A recent programing hypothesis revealed that epigenetic changes during the early critical periods are closely associated with health and diseases in later life [3] [4] [5] [6] . Environmental factors in utero are critical to the appropriate development as well as function of the entire organ system in later life. Among heterogeneous placental components, the villous structure plays pivotal roles in the supply of nutrients and oxygen from the maternal circulation, thereby enabling proper fetal development and functions [7, 8] . A villous structure is also the main contributor to the expression of various types of bioactive substances that maintain pregnancy, including human chorionic gonadotropin, progesterone, estradiol, estriol, leptin, and resistin [9] .
Placental malfunction may result in various types of fetal deterioration, such as a non-reassuring fetal status and fetal growth restrictions [10] . Placental pathology has been used in the assessment of placental conditions including malfunction and is referred to as the "memory of a pregnancy" [10] . Placental pathology permits clinicians to study the intrauterine environment of the fetus and some of the fetal responses to maternal diseases. Because placental pathology represents not only pathophysiological changes, but also physiological placental adaptations to various environmental factors, such as infection, malcirculation, chronic hypoxia on the maternal and fetal sides, and maternal hyperglycemia [10, 11] . We recently demonstrated that changes in specific lipid profiles in the villi were responsible for pathologically abnormal placental findings using a two-dimensional imaging system based on a matrix-assisted laser desorption/ionization (MALDI)-based mass spectrometer [12] . We also showed that assisted reproductive technology affected the morphology of the placental basal plate [13] .
Increasing evidence suggests that physiological as well as pathophysiological changes in the placenta, including those with adaptations to the surrounding conditions, are connected not only to fetal well-being, but also health and diseases after birth [1, 14] . Khalief et al. reported that placental size negatively correlated with mental health in children and adolescents [15] . A large number of studies have examined the relationship between placental histology and the outcomes of newborns in cases of severe intrauterine infections, preterm labor, and fetal hypoxia [16] [17] [18] [19] . However, to the best of our knowledge, the relationship between placental pathology and infantile growth after birth has not yet been investigated in the Japanese population.
In the present study, we hypothesized that the characteristics of placental pathology are related to body weight and/or composition during the infantile period in the Japanese population. The Hamamatsu Birth Cohort for Mothers and Children (HBC Study) was designed to elucidate the early developmental trajectories of children living in the community in Japan [20, 21] . In the present study, we performed a comprehensive analysis to identify links between infant physical development and pathological placental findings using 258 whole placentas from singleton pregnancies, which were stored in our pathological division, among 1,258 pregnant women who were enrolled in the HBC study.
Methods

Subjects
This study was conducted as part of an ongoing cohort study (the HBC Study), which has been described by Tsuchiya et. al. [20, 21] . We consecutively contacted all pregnant women (n = 1,258) who were expected to give birth at our two research sites, the Hamamatsu University Hospital and Kato Maternity Clinic, both situated in Hamamatsu city, and who gave birth between 20 December 2007 and 31 October 2011. We previously established that the enrolled parturients were representative of Japanese parturients in terms of age, socioeconomic status, parity, and the birthweight and gestational age of the child [20, 21] . Among 1,258 subjects, we initially analyzed 261 whole placentas from singleton pregnancies because the parents had agreed to store their whole placentas in our pathological division. However, we further excluded three placentas from the analysis: one infant had died, another had a confirmed diagnosis of Down's syndrome with severe congenital heart disease, and the parents of the remaining infant refused this study after delivery. The remaining 258 (98.9%) placentas were analyzed.
All participating parturients were given a complete description of the study, and provided written informed consent to participate. They were followed from entry into the study during mid-pregnancy to 18 months after childbirth.
Preparation of placental tissue blocks
After weighing and checking the gross morphology, whole placentas were stored in our pathological division after being vacuum-sealed in plastic packages with 10% formaldehyde (0.1 M sodium citrate buffer, pH 7.4). Seven paraffin blocks were systematically obtained from each placenta for the pathological examination by systematic random sampling, as previously described [12, 13] . In brief, linear parallel slices of placental tissue, 5mm width, were made approximately every 3cm interval perpendicular to the greatest dimension of placental axis. Then, all of the linear slices were vertically cut into small pieces every 3cm interval. Total seven blocks per a placenta were made from randomly selected seven pieces of placental parenchymal tissue thus obtained. Each block was made vertically from the maternal side to the fetal side. The two rolls of extraplacental membranes, per a placenta, were together embedded in a block for making a single section. Each block was cut into 3-μm-thick sections and followed by hematoxylin and eosin (HE) staining. Then, total eight sections (seven sections from placental parenchyma and one section from extraplacental membrane) were analyzed per a placenta.
Pathological examination
The pathological findings of placentas were classified into eleven categories with modifications from our recent study [12] , in consideration of the current Amsterdam Placental Workshop Group Consensus Statement [22] 1) 'Accelerated villous maturation' was diagnosed as increased numbers of placental villi with the focal formation of tight adherent villous clusters [10, 11, [22] [23] [24] typically with syncytial knots, increased peri-villous fibrin, and the distal villous hypoplasia of small terminal villi [25] (Fig 1A) , 2) 'Decidual vasculopathy' was diagnosed as vascular lesions including the fibrinoid necrosis of decidual vessels or atherosis found at the basal plate. [10, [22] [23] [24] 26] (Fig 1B) , 3) 'Thrombosis or intramural fibrin deposition' was diagnosed as localized, protuberant mural lesions composed of proliferating fibroblasts intermixed with fibrin and erythrocytes in the walls of large placental vessels according to the description of Desa [10, 11, [22] [23] [24] 27] (Fig  1C) , 4) 'Avascular villi' was diagnosed as a total loss of villous capillaries and bland hyaline fibrosis in an older lesion. [22, 24, 28] (Fig 1D) , 5) 'Delayed villous maturation' was diagnosed as a monotonous villous population with reduced numbers of vasculosyncytial membranes, increases in the size of distal villi, increased numbers of stromal cells, and interstitial fluid uniformly distributed throughout the villous stroma [10, 11, [22] [23] [24] 29] (Fig 1E) , 6) 'Maternal inflammatory response' was diagnosed by the infiltration of neutrophils into the connective tissues of the chorionic plate and/or amnion basement membrane in the fetal surface of the placenta [10, 11, [22] [23] [24] 30] (Fig 1F) , 7) 'Fetal inflammatory response' was diagnosed by the infiltration of neutrophils into umbilical vessels or chorionic plate vessels. [10, 11, 22, 24, 26] (Fig 1G), 8 ) 'VUE' was diagnosed by lymphohistiocytic inflammation predominantly localized to the villous stroma of terminal villi, despite no clinical symptoms of apparent infection in mothers or infants [10, 11, [22] [23] [24] 31] (Fig 1H) , and 9) 'Deciduitis' was enrolled as one of the findings of 'others', following the criteria of Amsterdam Placental Workshop Group Consensus Statement [22] , which was diagnosed by the chronic infiltration of increased numbers of lymphocytes, macrophages, and plasma cells into the decidual layer, often accompanied by chronic villitis or decidual necrosis [10, 26] (Fig 1I) . 'Maternal vascular malperfusion' and 'Fetal vascular malperfusion' were diagnosed according to Amsterdam Placental Workshop Group Statement [22, 24] .
In the present study, each of the eleven pathological findings was assessed as positive or negative by a majority decision of independent and blind surveys by three researchers, i.e. Drs. Chizuko Yaguchi, Naomi Furuta-Isomura, and Masako Matsumoto. 
Assessment of infantile growth
During the follow-up, participating mothers and their infants were asked to visit our laboratory at the ages of 1, 4, 6, 10, 14, and 18 months in order to measure their height and weight according to the cohort schedule [20, 21] . The ponderal index (PI) was calculated as follows: Body weight ×100 / (Height) 3 (g/cm 3 ). Some participants did not show at the examinations, which led to the lack of information for no more than four examinations out of seven in total. There were 0, 43, 54, 150, 59, 173, and 66 missing observations at 0, 1, 4, 6, 10, 14, and 18 months, respectively. In addition, some participants were late in visiting our laboratory, e.g. one month later than the expected date of the examination. In that case, we corrected measurements along with age in days using linear regression models where weight or PI were regressed onto age in days.
Information on the demographic characteristics of mothers was collected during the pregnancy of enrolled parturients and included the age of the mother, parity, smoking, and prepregnant height and weight [20, 21] . Perinatal variables were collected from medical records, including gestational age, birthweight, and sex [20, 21] .
Statistical analysis
Body weight and PI at 0, 1, 4, 6, 10, 14, and 18 months were set as dependent variables, and pathological findings as the independent variable. Continuous variables were reported as the mean ± SD. In comparisons of body weight or PI between two groups in the initial assessment (positive vs negative for each individual pathological finding), we performed the Student's ttest or Mann-Whitney U test where appropriate. Since multiple simple comparisons were performed repeatedly for two parameters, i.e. body weight and PI, at 7 points, i.e. 0, 1, 4, 6, 10, 14, and 18 months, significance was kept conservative and, thus, set at 0.003 (0.05/[2x7]).
In order to assess the longitudinal trajectories of weight, height, and PI, we adopted a method of mixed modeling with the use of the xtmixed command provided by the generic statistical software, Stata version 13.1. Mixed modeling has the strength of analyzing longitudinal patterns of development in association with a fixed effect of placental pathology that occurred long before the anthropological measurements took place after birth. Furthermore, mixed modeling allows us to use observations with missing values, i.e., we incorporated all available data into the analysis even if some data had missing values in the repeated measurement of weight and PI. A growth curve model, i.e. mixed modeling with a random intercept and random slope, was built for weight, height, and PI, respectively, during 1 to 18 months of age, adjusted for age in months. Since child growth standards in terms of weight and height are typically expressed with no lower than a third order function [32] , the adjustment of age in months was conducted as a linear combination of linear, quadratic, and cubic terms, which were all shown to be significant. A covariance matrix structure was set as "unstructured" because no pairs of variables were assumed to be statistically independent. Since four pairs of siblings were included, the clustering option was considered. We then incorporated all available covariates deemed to be potential confounders into the above analysis. Covariates included in the analysis were maternal parity, pre-pregnancy maternal body weight, pre-pregnancy maternal body mass index (BMI), maternal body weight just before delivery, maternal BMI just before delivery, maternal height, maternal age, maternal smoking, gestational weeks, placental weight, placental area, infantile gender, infantile months of age, household income, maternal education, maternal smoking after birth, and postpartum depression three months after childbirth which may be related to placental pathological findings, infant body weight, and PI. Mixed model analyses for longitudinal data were conducted between 0 and 18 months in order to identify differential effects on weight development and PI between the presence and absence of several pathological findings. However, if any of these covariates were shown to be non-significant (i.e. p>0.05), they were omitted from the analysis in order for degrees of freedom to be minimized. We subsequently entered all available indices of placental pathology into the above analysis, shown as the final results. The marginal means and SDs of weight and PI, resulting from the significant effects of placental pathology findings, if confirmed, were calculated while averaging the effects of all covariates. All p-values were two-sided and significance was set at 0.05 for the mixed model analysis.
Ethical considerations
The Ethics Committee of the Hamamatsu University School of Medicine approved all procedures (No. 20-82, 21-114, 22-29, 24-67, 24-237, 25-143, 25-283, E14-062, 17-037). Written informed consent was obtained from the participating parturients during pregnancy after a full explanation of the study. Tables 1 and 2 summarized the perinatal backgrounds of the participating mothers and infants. Tables 3 and 4 summarized placental measurements and numbers of pathological findings detected, respectively, in the placenta enrolled. The mean body weight and PI of the two groups compared (negative vs positive groups for each individual pathological finding) were summarized in Tables A-K in S1 File. 'Accelerated villous maturation' (Fig 1A) was a significant predictor of a light body weight throughout the first 18 months of life by a mixed model analysis (p<0.001, Fig 2, Table 5 ) after adjusting for potential confounders, as described in the Methods. Mean body weight was significantly lower than in those without 'Accelerated villous maturation' using a simple statistical comparison (p<0.001, Table A in S1 File) during the first 4 months. 'Accelerated villous maturation' was not a predictor of a low PI by the mixed model analysis (Table 6 ). Collectively, these results strongly support the concept that the placental pathological finding of "Accelerated villous maturation" predicts a light body weight, but not a small body composition, at least during the first 18 months of life.
Results and discussion
'Accelerated villous maturation' is one of the abnormal villous branching patterns and suggested to be associated with hypoxic conditions in utero [12, 33, 34] . A large number of studies have suggested the strong suppressive effects of fetal hypoxia on physical development after birth in cases of severe fetal growth restriction. The present study is the first to demonstrate that possible hypoxic conditions in utero represented by 'Accelerated villous maturation' may be linked to a light body weight after birth, in the Japanese population. Interestingly, the recent concept of 'Maternal vascular malperfusion', by Amsterdam Placental Workshop Group Consensus Statement [22] , was identified as a significant predictor of a light body weight throughout the first 18 months of life by a mixed model analysis (p = 0.020, Fig 3, Table 5 ). Maternal vascular malperfusion' was not a predictor of a low PI by the mixed model analysis (Table 6 ). Tables 5 and 6 ). Although two pathological findings independently predicts small body weight, it is plausible that potential low supply of maternal blood into placental intervillous space represented by 'Maternal vascular malperfusion' might be causatively associated with suspected fetal hypoxic condition represented by 'Accelerated villous maturation'. Therefore, it was speculated that both two placental conditions, represented by specific two placental pathological findings, together might contribute, at least partly, to the programing of a light body weight during early infantile period. Physiological as well as epigenetic researches are necessary to prove this speculation.
In contrast, 'Deciduitis' (Fig 1I) was identified as a significant predictor of a low PI during the first 18 months of life by mixed model analysis (p = 0.035, Fig 4, Table 6 ), although there was no significant difference in the PI of infants with or without 'Deciduitis' (Table I in S1 File). Significance was set at a p value of 0.05 as described in the Methods.
https://doi.org/10.1371/journal.pone.0194988.t005 Significance was set at a p value of 0.05 as described in the Methods.
https://doi.org/10.1371/journal.pone.0194988.t006 Interestingly, 'Deciduitis' was not a predictor of a heavy or light body weight (Table 5 ). Therefore, 'Deciduitis' may be associated with a small body composition, but not a light body weight.
'Deciduitis' (Fig 1I) indicates chronic inflammation mainly by macrophages and lymphocytes [35] . By contrast, 'Maternal inflammatory response' (Fig 1F) as well as 'Fetal inflammatory response' (Fig 1G) is diagnosed by the infiltration of neutrophils, indicating rather acute phase of inflammation in comparison with 'Deciduitis' of macrophages and lymphocytes [35, 36] . Previous studies demonstrated that these inflammatory findings were characteristic in small newborns and/or infants in a restricted population of preterm deliveries [37] . However, to the best of our knowledge, there have been no studies on the Japanese population. Unlike preterm deliveries, the body weights of infants from placentas with 'Maternal inflammatory response' or 'Fetal inflammatory response' were significantly heavier than those without by a simple comparison during first six months (p<0.001, Tables F and G in S1 File), although they were not predictors of a heavy body weight by the mixed model analysis (Table 5 ). We currently cannot fully explain this discrepancy. Since most of our cases of 'Maternal inflammatory response' or 'Fetal inflammatory response' were term deliveries, we speculate that the maturity of fetal organs at the time of the exposure to inflammatory cytokines may have been involved in this distinct discrepancy in the pattern of physical development after birth. The PI of infants from placentas with 'Maternal inflammatory response' or 'Fetal inflammatory response' was similar to those without these findings (Tables F and G in S1 File). They were not predictors of a high PI by the mixed model analysis (Table 6) .
Thus, rather chronic phase of inflammation by 'Deciduitis' significantly predicts infantile small composition (p = 0.039, Table 6 , Fig 4) . By contrast, rather acute phase of inflammation by 'Maternal inflammatory response' or 'Fetal inflammatory response' was associated with a heavy body weight during early 6 months (p<0.001, Tables F and G in File), although they were not predictors (Table 5) . Collectively, these results prompted us to speculate that chronic and acute inflammatory reactions in utero may distinctively affect changes in infantile body weight as well as body composition.
'Decidual vasculopathy', 'Thrombosis or Intramural fibrin deposition', 'Avascular villi', 'Delayed villous maturation, 'Maternal inflammatory response', 'Fetal inflammatory response', 'VUE', and 'Fetal vascular malperfusion' were not predictors for body weight or PI during first 18 months (Tables 5 and 6 ).
The present study demonstrated that the characteristics of intrauterine circumstances, suggested by placental pathology, were associated with infantile physiological growth patterns. The possible hypoxic condition represented by 'Accelerated villous maturation' as well as 'Maternal vascular malperfusion' was a significant predictor of a light body weight (p<0.001 and p = 0.020, respectively; Table 5 , Figs 2 and 3) . The chronic inflammatory condition suggested by 'Deciduitis' was a significant predictor of small PI (p = 0.035, Table 6 , Fig 4) . The former two connections were prominent soon after birth (Figs 2 and 3) , whereas the latter was consistent at least during the first 18 months (Fig 4) . Therefore, it is plausible that chronic intrauterine exposure to hypoxia and inflammatory cytokines might program a light infantile body weight and small composition, respectively, in an exquisitely distinctive manner.
The limitations of this study were as follow) We did not measure inflammatory cytokine levels in cord blood, and 2) The pH of umbilical arteries at delivery, representing acute changes during parturition, did not always coincide with the presence of the chronic hypoxic findings of 'Accelerated villous maturation' and/or 'Fetal vascular malperfusion' (data not shown). Despite these limitations, the present results support the concept that some placental pathological observations predict infantile physiological growth patterns.
The concept of 'preemptive medicine' was recently proposed as a new preventive strategy for the current prevalence of non-communicable diseases (NCDs), i.e. the identification of high-risk populations and early interventions during a latent period before the onset of apparent clinical symptoms [5, 38, 39] . The recent developmental origins of health and disease (DOHaD) concept highlights the promising future contribution of perinatal, neonatal, and infantile care to the establishment of 'preemptive medicine' against the rapid spread of adult and senile NCDs [6, 40] . One important concept of preemptive medicine is identifying highrisk individuals in early life [5, 38, 39] . Considerable efforts have been made over the past few decades to establish effective biomarkers for use in clinical practice that may identify individuals at high risk of developing NCDs. The application of 'omics' technologies has generated hundreds to thousands of biomarker candidates. However, only a very small number of these have been translated into clinical care [41, 42] . The present study showed that some placental pathological findings are associated with changes in infantile body weight as well as body composition in the Japanese population, suggesting that placental pathological findings are applicable as a type of biomarker for predicting physical growth and/or body composition after birth.
In conclusion, the present study is the first to demonstrate that some pathological findings of the placenta are associated with changes in infantile physical development during the initial 18 months of life in the Japanese population. 
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